Introduction
Prostate cancer (PCa) is the most common cancer amongst men in the USA and the second most common malignant cause of male death worldwide after lung cancer (1) . The substantial mortality and morbidity associated with PCa and its poor treatment options have led a surge to develop novel means for its prevention. Diet-based agent for prevention and therapy is an attractive option in PCa because of its incidence, prevalence, disease-related mortality, long latency between premalignant lesions and clinically evident cancer and molecular pathogenesis, the known hormonal influence on the manifestations of the disease and epidemiologic data indicating that modifiable environmental factors may decrease risk (2, 3) .
Fisetin (3,3#,4#,7-tetrahydroxyflavone, Figure 1A ) is found in fruits and vegetables, such as strawberry, apple, persimmon, grape, onion and cucumber (4) . Fisetin has been reported to inhibit cell cycle progression in HT-29 human colon cancer cells (5) . It has been shown to have antiproliferative effect on the human PCa and breast cancer cell lines (6) . Fisetin showed dose-dependent cytotoxic effects on SK-HEP-1 cells, accompanied by DNA fragmentation, induction of CPP32 activity and increase of p53 protein (7) . Fisetin caused a decrease in intracellular peroxide level, activation of endonuclease and suppression of Mcl-1 proteins in the human leukemia cell line, HL-60 (8) . Fisetin activated extracellular signal-regulated kinase and induced cyclic adenosine 3#,5#-monophosphate response element-binding protein phosphorylation in rat hippocampal slices and enhanced object recognition in mice (9) . Fisetin was found to suppress tumor necrosis factor, various inflammatory agents and carcinogen-induced nuclear factor-jB (NF-jB) activation, blocked the phosphorylation and degradation of IjBa by inhibiting IKKa activation and suppression of the phosphorylation and nuclear translocation of p65. Fisetin also suppressed NF-jB-dependent reporter gene expression and NF-jB reporter activity induced by TNFR1, TRADD, TRAF2, NIK and IKK (10) . Recently, fisetin along with quercetin, myricetin, quercetagetin, (À)-epigallocatechin gallate and theaflavins markedly inhibited epidermal growth factor-induced cell transformation of mouse epidermal JB6 Cl 41 cells (11) . Fisetin was found to induce phase II enzymes such as reduced nicotinamide adenine dinucleotide phosphate:quinone oxidoreductase activity in murine hepatoma 1c1c7 cells. Furthermore, transfection studies using a human quinone oxidoreductase antioxidant/ electrophile response element reporter construct demonstrated that fisetin activated the antioxidant response element/electrophile response element (12) . Fisetin treatment of HL60 cells caused high expression of NF-jB, activation of mitogen-activated protein kinase p38, an increase of phosphoprotein levels and inhibition of enzymes involved in redox status maintenance (13) .
We hypothesized that fisetin may afford chemopreventive as well as cancer chemotherapeutic effects against PCa. Here, we show that fisetin, through modulations in cki-cyclin-cyclin-dependent kinase (cdk) network, inhibition of phosphatidyl inositol 3-kinase (PI3K) and Akt, results in inhibition of cell growth followed by apoptosis of human PCa LNCaP cells.
Materials and methods

Materials
Anti-cyclins D1, D2, E, Bad and Bcl-xL, active caspases-3, -8 and -9, Akt, phospho-Akt (Ser  473 and Thr   308 ), PI3K (p85), X-linked inhibitor of apoptosis (XIAP) and second mitochondria-derived activator of caspase (Smac)/direct inhibitor of apoptosis-binding protein with low pI (DIABLO) antibodies were obtained from Cell Signaling Technology (Beverly, MA). The mono and polyclonal antibodies cdks 2, 4 and 6, WAF1/p21, KIP1/p27 and Bcl-2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). PARP (116) and Bak were procured from Upstate (Lake Placid, NY). PARP (85) was obtained from Promega (Madison, WI). Anti-mouse and anti-rabbit secondary antibody horseradish peroxidase conjugate was obtained from Amersham Life Science (Arlington Height, IL). Akt-small interfering RNA (siRNA) and scrambled siRNA were purchased from Dharmacon (Lafayette, CO). Fisetin was purchased from Sigma Chemical Co. (St Louis, MO). BCA Protein Assay Kit was obtained from Pierce (Rockford, IL). Novex precast Tris-glycine gels were obtained from Invitrogen (Carlsbad, CA). The Apo-Direct Kit for flow cytometry was purchased from Phoenix Flow Systems (San Diego, CA). Magic Red TM Caspase Detection Kit was purchased from Immunochemistry Technologies, LLC (Bloomington, MN). Annexin-V-Fluos Staining Kit and Cell Death Detection ELISA PLUS Kit were from Roche Diagnostics Corporation (Indianapolis, IN). ApoAlert Cell Fractionation Kit was purchased from BD Biosciences Clontech (Palo Alto, CA).
Cell culture and treatment
The LNCaP, CWR22Rt1 and PC-3 cells were obtained from ATCC (Manassas, VA). LNCaP cells were cultured in Dulbecco's modified Eagle's medium supplemented with 5% heat-inactivated fetal bovine serum and 1% penicillin/ streptomycin. CWR22Rt1 and PC-3 cells were grown in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Human prostate epithelial cells (PrECs) were obtained from Cambrex Bioscience (Walkersville, MD) and grown in prostate epithelial basal cell medium (Cambrex Abbreviations: cdk, cyclin-dependent kinase; DEVD, aspartylglutamylalanylaspartic acid; DIABLO, direct inhibitor of apoptosis-binding protein with low pI; NF-jB, nuclear factor-jB; PARP, poly (ADP-ribose) polymerase; PBS, phosphate-buffered saline; PCa, prostate cancer; PI3K, phosphatidyl inositol 3-kinase; PrECs, prostate epithelial cells; siRNA, small interfering RNA; Smac, second mitochondria-derived activator of caspase; XIAP, X-linked inhibitor of apoptosis protein.
Bioscience) according to the manufacturer's instructions. The cells were maintained under standard cell culture conditions at 37°C and 5% CO 2 in a humid environment. Fisetin dissolved in dimethyl sulfoxide (final concentration 0.1% vol/vol) was used for the treatment of cells. The cells (60-70% confluent) were treated with fisetin (10-60 lM) for 24 and 48 h in complete growth medium.
Cell viability
The effect of fisetin on the viability of cells was determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide assay. LNCaP, CWR22Rt1, PC-3 and PrEC cells were plated at 1 Â 10 4 cells per well in 200 ll of complete culture medium containing 10-60 lM concentrations of fisetin in 96-well microtiter plates for 24 and 48 h. After incubation for specified times at 37°C in a humidified incubator, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide [5 mg/ml in phosphate-buffered saline (PBS)] was added to each well and incubated for 2 h, after which the plate was centrifuged at 1800g for 5 min at 4°C. The absorbance was recorded on a microplate reader at the wavelength of 540 nm. The effect of fisetin on growth inhibition was assessed as percentage of cell viability where dimethyl sulfoxide-treated cells were taken as 100% viable. Dimethyl sulfoxide at the concentrations used was without any effect on cell viability.
DNA cell cycle analysis
The LNCaP cells (50-60% confluent) were treated with fisetin (10-60 lM, 48 h) in complete medium. The cells were trypsinized thereafter, washed twice with cold PBS and centrifuged. The cell pellet was resuspended in 50 ll cold PBS to which cold ethanol (450 ll) was added and the cells were incubated for 1 h at 4°C. The cells were centrifuged at 1100 r.p.m. for 5 min, pellet washed twice with cold PBS, suspended in 500 ll PBS and incubated with 5 ll RNase (20 lg/ml final concentration) for 30 min. The cells were chilled over ice for 10 min and incubated with propidium iodide (50 lg/ml final concentration) for 1 h for analysis by flow cytometry. Flow cytometry was performed with a FACScan (Becton Dickinson, Franklin Lakes, NJ). A minimum of 10 000 cells per sample were collected and the DNA histograms were further analyzed by using ModiFitLT software (Verily Software House, Topsham, ME) for cell cycle analysis.
Protein extraction and western blotting
Following the treatment of LNCaP cells with fisetin (10-60 lM, 48 h), the media was aspirated, the cells were washed with cold PBS (pH 7.4) and icecold lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM ethyleneglycolbis(aminoethylether)-tetraacetic acid, 1 mM ethylenediaminetetraacetic acid, 20 mM NaF, 100 mM Na 3 VO 4 , 0.5% NP-40, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, pH 7.4) with freshly added protease inhibitor cocktail (Protease Inhibitor Cocktail Set III, Calbiochem, La Jolla, CA) over ice for 30 min. The cells were scraped and the lysate was collected in a microfuge tube and passed through needle to break up the cell aggregates. The lysate was cleared by centrifugation at 14 000g for 15 min at 4°C and the supernatant (whole-cell lysate) was used or immediately stored at À80°C.
For western blotting, 30-50 lg protein was resolved over 8-12% polyacrylamide gels and transferred to a nitrocellulose membrane. The blot was blocked in blocking buffer (5% non-fat dry milk/1% Tween 20; in 20 mM Tris-buffered saline, pH 7.6) for 1 h at room temperature and incubated with appropriate monoclonal or polyclonal primary antibody in blocking buffer for 1.5 h to overnight at 4°C followed by incubation with anti-mouse or anti-rabbit secondary antibody horseradish peroxidase conjugate obtained from Amersham Life Science and detected by chemiluminescence and autoradiography using XAR-5 film obtained from Eastman Kodak Co. (Rochester, NY). Densitometric measurements of the band in western blot analysis were performed using digitalized scientific software program UN-SCAN-IT (Silk Scientific Corporation, Orem, UT).
Apoptosis assessment by annexin-V staining
The annexin-V-Fluos Staining Kit was used for the detection of apoptotic cells according to vendor's protocol. This kit uses a staining protocol in which the apoptotic cells are stained with annexin-V (green fluorescence). The LNCaP cells were grown to 70% confluency and treated with fisetin (10-60 lM) for 48 h. The fluorescence was measured by a Zeiss 410 confocal microscope (Thornwood, NY). Confocal images of green annexin-fluorescein isothiocyanate fluorescence were collected using 488 nm excitation light from an argon/krypton laser, a 560 nm dichroic mirror and a 514-540 nm band-pass barrier filter.
Apoptosis by enzyme-linked immunosorbent assay
Following treatment of LNCaP cells with fisetin (10-60 lM, 48 h), the extent of apoptosis was determined by Cell Death Detection ELISA PLUS assay, according to the manufacturer's protocol. The whole-cell lysate (40 lg of total protein) was added to the lysis buffer and pipetted on a streptavidin-coated 96-well microtiter plate to which the immunoreagent mix was added and incubated for 2 h at room temperature, with continuous shaking at 500 r.p.m. The wells were then washed with washing buffer, the substrate solution added and the color developed (10-20 min) was read at 405 nm against the blank, reference wavelength of 490 nm. The enrichment factor (total amount of apoptosis) was calculated by dividing the absorbance of the sample (A405 nm) by the absorbance of the controls without treatment (A490 nm).
Immunofluorescence staining for active caspases-3 and -7 LNCaP cells were incubated with 40 lM concentration of the general caspase inhibitor Z-VAD-FMK for 2 h followed by the addition of fisetin (40 lM, 48 h) and then harvested. ICT's Magic Red TM substrate-based MR-Caspase assay kit was used for the immunofluorescence staining for caspases-3 and 7. This kit utilizes the fluorophore, cresyl violet. As the four-amino acid sequence, aspartylglutamylalanylaspartic acid (DEVD), is the optimal sequence for caspase-3 as well as -7, it was coupled to cresyl violet to create the caspase-3/7 substrate, MR-(DEVD)2. When bi-substituted via amide linkage to two target caspase sequence groups [(DEVD)2], cresyl violet does not fluoresce. Following enzymatic hydrolysis at one or both of the aspartic acid amide linkage sites, the mono and non-substituted cresyl violet fluorophores fluoresce red and fluorescence photographs were obtained at 510-560 nm excitation and 610 nm emission.
Detection of cytochrome c release
After the treatment of LNCaP cells with fisetin (10-60 lM, 48 h), the mitochondrial and cytosolic fractions were prepared according to manufacturer's instructions. After the separation of cytosolic and mitochondrial fractions, 40 lg protein was resolved over 12% polyacrylamide gels and immunoblotted with the cytochrome c and cytochrome c oxidase-4 antibodies.
Silencing of Akt by siRNA LNCaP cells were transfected with Akt-siRNA (75 nmol) and scrambled siR-NA (75 nmol) procured from Dharmacon using the Nucleofection Kit R specific for LNCaP transfection from Amaxa Biosystems (Gaithersburg, MD). Cells were resuspended in a solution from Nucleofector Kit R following the manufacturer's guidelines. One hundred microliters of nucleofector solution R was mixed with 2 Â 10 6 cells and siRNA. They were then transferred to the cuvette provided with the kit and were nucleofected with an Amaxa Nucleofector apparatus. Cells were transfected using the T-001 pulsing parameter and were transferred into 100 mm plates containing 37°C prewarmed culture medium. After transfection, cells were cultured and the medium was replaced with fresh medium. Cells were treated with 40 lM fisetin for 48 h, and protein lysates were prepared. Using 2 lg of green fluorescent protein, we observed 70-80% transfection efficiency with this protocol.
Statistical analysis
Results were analyzed using a two-tailed Student's t-test to assess statistical significance and P values ,0.05 were considered significant.
Results
Inhibition of cell growth by fisetin in LNCaP cells but not in PrECs
We first investigated the dose-and time-dependent effect of treatment with fisetin (10-60 lM) on the growth of human PCa (LNCaP, CWR22Rt1 and PC-3) cells and normal PrECs. We evaluated the effect of fisetin on the growth of these cells by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide assay. We compared the antiproliferative effects of fisetin on LNCaP, CWR22Rt1, PC-3 and PrEC cells. Treatment with fisetin (10-60 lM) for 24 h decreased cell viability in LNCaP (15, 33, 45 and 57%), CWR22Rt1 (12, 26, 38 and 52%) and PC-3 (7, 18, 24 and 33%) cells but had minimal effect on PrEC cells at these doses ( Figure 1B) . At 48 h, there was much pronounced decrease in cell viability on treatment with fisetin (10-60 lM) in LNCaP (19, 40 , 49 and 62%), CWR22Rt1 (18, 34, 44 and 55%) and PC-3 (11, 25, 32 and 46%) cells but had minimal effect on PrECs ( Figure 1C) . Based on the results of these data, we selected LNCaP cells for our study since fisetin treatment caused maximum decrease in cell viability in LNCaP cells as compared with CWR22Rt1 and PC-3 cells.
G 1 -phase cell cycle arrest by fisetin in LNCaP cells
To assess whether fisetin-induced growth inhibition of the cells is mediated via alterations in cell cycle, we evaluated the effect of fisetin on cell cycle distribution. We performed DNA cell cycle analysis using LNCaP cells, and fisetin treatment was found to result in a significant dose-dependent increase of cell population in the G 1 phase of the cell cycle. The G 1 -phase cell cycle distribution was 61, 63, 67 and 69% at 10, 20, 40 and 60 lM concentrations of fisetin, respectively ( Figure 2A ). This increase in the G 0 /G 1 -phase cell population was accompanied by a concomitant decrease in the S-phase and G 2 / M-phase cell populations.
Inhibition of cyclins, cdks and induction of WAF1/p21 and KIP1/p27 by fisetin in LNCaP cells
We determined the protein expression of the cyclins and cdks, which are known to be operative in G 1 phase of the cell cycle. Fisetin treatment of LNCaP cells caused a dose-dependent decrease in the protein expression of cyclins D1, D2 and E ( Figure 2B ). The decrease Fisetin for prostate cancer in cyclin D2 protein expression was more pronounced than that of cyclin D1 and cyclin E. Using immunoblot analysis, we also found that treatment of LNCaP cells with fisetin resulted in a dose-dependent decrease in cdks 2, 4 and 6 ( Figure 2C ). We next assessed the effect of fisetin treatment on the induction of WAF1/p21, which is known to regulate the entry of cells at G 1 to S transition checkpoint. Immunoblot analysis and relative density of the bands revealed that treatment with fisetin resulted in induction of WAF1/p21 and KIP1/p27 even at the lowest concentration of 10 lM with a significant increase at the highest concentration of 60 lM ( Figure 2D ).
Induction of apoptosis by fisetin in LNCaP cells
Annexin-V staining was performed to determine apoptotic cells following fisetin treatment to LNCaP cells. Annexin-V specially binds to phosphatidylserine and has been employed for determination of apoptotic cells. When LNCaP cells were stained with annexin-V and examined under a fluorescence microscope, apoptotic cells were found to be increased in fisetin (10-60 lM, 48 h)-treated cells ( Figure 3A) . Additionally, PARP cleavage analysis showed that the full-size PARP (116 kD) protein was cleaved to yield an 85 kD fragment after treatment of cells with fisetin ( Figure 3B Figure 3C ).
Modulation of Bcl-2 family proteins by fisetin in LNCaP cells
Bax and Bcl-2 play significant role in apoptosis; therefore, we next studied the effect of treatment with fisetin on the constitutive protein levels of Bax and Bcl-2 in LNCaP cells. The immunoblot analysis and relative density of the bands exhibited a significant increase in the protein expression of Bax at 10-60 lM concentration of fisetin ( Figure 4A) . In sharp contrast, the protein expression of Bcl-2 was significantly decreased by fisetin treatment in a dose-dependent fashion ( Figure 4A) . A significant dose-dependent shift in the ratio of Bax to Bcl-2 was observed after treatment with fisetin indicating the induction of apoptotic process ( Figure 4B ). Furthermore, we assessed the protein levels of Bak, Bad, Bid (pro-apoptotic) and Bcl-xL (antiapoptotic). The immunoblots revealed a significant increase in the protein expression of Bak, Bad and Bid and a significant decrease in Bcl-xL expression by treatment with fisetin in a dose-dependent fashion in LNCaP cells ( Figure 4C ), thus further confirming the induction of apoptotic process.
Induction of mitochondrial release of cytochrome c into cytosol by fisetin in LNCaP cells
The release of cytochrome c, one of the most important respiratory chain proteins located in the mitochondria, into the cytosol is the hallmark of apoptosis of cells treated with certain apoptosis inducers (14) . We, therefore, measured the cytosolic cytochrome c using immunoblotting in LNCaP cells that were treated for 48 h with 10-60 lM of fisetin. As shown in Figure 5A , the levels of cytochrome c in the cytosol were elevated dose dependently after treatment with fisetin. To verify that the observed cytoplasmic cytochrome c was not due to mechanical disruption of the mitochondria, simultaneous analysis was done for cytochrome c oxidase-4, which was not detected in the cytosolic extracts of any samples ( Figure 5A ).
Inhibition of XIAP and induction of Smac/DIABLO by fisetin in LNCaP cells
Dysregulation of apoptosis plays an important role in cancer and resistance to chemotherapy. The XIAP is considered to be the most potent caspase inhibitor of all known inhibitor of apoptosis family members. Only recently, an antagonist of XIAP has been identified, termed Smac/DIABLO (15) . To explore the relevance of antiapoptotic XIAP and pro-apoptotic Smac/DIABLO in PCa, we analyzed XIAP and Smac/DIABLO protein expression in LNCaP cells after treatment with fisetin. By immunoblot analysis and relative density of the bands, we found that treatment with fisetin (10-60 lM, 48 h) caused inhibition of XIAP and induction of Smac/DIABLO in LNCaP cells ( Figure 5B ).
Induction of active caspases-3, -8 and -9 by fisetin in LNCaP cells
The apoptotic program is executed by a family of highly conserved cysteinyl aspartate-specific proteases known as caspases, which dismantle the cell in an orderly fashion by cleaving a large number of cellular substrates. Modulating the mechanisms of caspase activation and suppression is a critical molecular target in chemoprevention since these processes lead to apoptosis (14) . As shown by immunoblot analysis and relative density of the bands in Figure 5C , treatment of cells with fisetin resulted in a dose-dependent increase in the activation of caspases-3, -8 and -9.
Inhibition of fisetin-induced induction of caspases by Z-VAD-FMK in LNCaP cells
The above results indicated that fisetin treatment of LNCaP cells resulted in apoptosis via activation of caspases. Since Z-VAD-FMK inhibits caspase activation, we next studied whether Z-VAD-FMK could block fisetin-mediated apoptosis. Compared with fisetin treatment (10-60 lM), preincubation of LNCaP cells with Z-VAD-FMK (40 lM) for 2 h before fisetin treatment resulted in significant decrease in the protein expression of active caspases-3, -8 and -9 as observed by immunoblot analysis ( Figure 6A ).
Active caspases-3 and -7 activity was also detected by immunofluorescence staining within whole living LNCaP cells using ICT's Magic Red TM substrate-based MR-Caspase assay kit. The MRCaspase photostable fluorogenic substrate easily penetrates the cell membrane and the membranes of the internal cellular organelles, entering the cell in the non-fluorescent state. In the presence of caspase-3 and -7 enzymes (DEVDases), the four-amino acid (DEVD) caspase target sequences are cleaved off yielding a red fluorescent product. DEVDase-mediated production of the red fluorophore signals apoptotic activity within that particular cell. On treatment with Z-VAD-FMK (40 lM) for 2 h before fisetin treatment (40 lM), there was significant decrease in the immunofluorescence staining of active caspases-3 and -7 ( Figure 6B) . Similarly, when cells were treated with fisetin only (40 lM), there was intense staining of active caspases-3 and -7 as detected by red fluorescent product ( Figure 6B) . 
Fisetin for prostate cancer
Inhibition of PI3K and phosphorylation of Akt protein expression by fisetin in LNCaP cells
The PI3K/Akt signaling pathway and its downstream transcription factors have been studied in detail for their role in cell proliferation, survival, cycle control, as well as other cellular functions. Accumulating evidence shows that dysregulation of this pathway also plays an essential role in cancer development. We first determined the effect of fisetin on PI3K protein expression in LNCaP human prostate carcinoma cells. Western blot analysis revealed that fisetin (10-60 lM) caused inhibition in the expression of regulatory (p85) subunit of PI3K in LNCaP cells ( Figure 6C ). Treatment of LNCaP cells with fisetin (10-60 lM) also inhibited phosphorylation of Akt at both Ser 473 and Thr 308 ( Figure 6C ).
Akt-dependent modulation in the Bcl-2 family proteins by fisetin in LNCaP cells
To assess whether fisetin-induced apoptosis was Akt dependent, we silenced Akt by siRNA. Silencing of Akt by siRNA resulted in increase in the protein expressions of proapoptotic Bad and Bax and decrease in the protein expressions of Bcl-2 and Bcl-xL ( Figure 6D ). Fisetin treatment (40 lM) to Akt-siRNA-treated cells further augmented the increase in Bad and Bax and decrease in Bcl-2 and BclxL, suggesting that these effects are mediated in part through Akt ( Figure 6D ).
Discussion
PCa remains one of the most common malignancies in Western countries and is also increasing in Asian countries. The number of new PCa cases expected to be diagnosed in 2007 were 218 890 with 27 000 deaths in USA (1). Asian men have much lower incidence and mortality due to PCa than men in North America and Europe. This difference is attributed to lifestyle changes and environmental-related factors. Incidence of hormone-related cancers is also on the rise in Asians who migrated to USA and adopted western lifestyles and eating habits, which suggests that diet in their native countries may account for their low incidence of hormone-related cancers. It is estimated that nearly one-third of all cancer deaths in USA could be prevented through appropriate dietary modification (2, 16, 17) . The goal of primary chemoprevention is to decrease the incidence of a given cancer, simultaneously reducing both treatment-related adverse events and mortality. The development of chemoprevention strategies against PCa would have a huge impact, both medically and economically. Because of its ubiquity and disease burden, PCa is an attractive target for chemoprevention.
This study was designed to show the chemopreventive/chemotherapeutic potential of fisetin against PCa. Treatment of LNCaP, CWR22Rt1 and PC-3 cells with fisetin resulted in decrease in cell viability but had minimal effect on PrECs ( Figure 1B and C) . Fisetin treatment of LNCaP cells also resulted in dose-dependent arrest of cells in G 1 phase of the cell cycle (Figure 2A) . Various studies have shown the involvement of cell cycle regulation-mediated apoptosis as a mechanism of cell growth inhibition (18-22) ; we investigated the involvement of the cki-cyclin-cdk machinery during the induction of cell cycle arrest and apoptosis by fisetin in LNCaP cells. In eukaryotes, passage through the cell cycle is governed by the function of a family of protein kinase complexes (23) . Each complex is composed minimally of a catalytic subunit, the cdk, and its essential activating partner, the cyclin. Under normal conditions, these complexes are activated at specific intervals and through a series of events and result in the progression of cells through different phases of cell cycle, thereby ensuring normal cell growth (24) . Any defect in this machinery causes an altered cell cycle regulation that may result in unwanted cellular proliferation ultimately culminating in the development of cancer. Since our study has demonstrated that fisetin treatment of LNCaP cells resulted in a G 1 -phase arrest of the cell cycle, we examined the effect of fisetin on cell cycle regulatory molecules operative in the G 1 phase of the cell cycle. Fisetin treatment of the cells was found to result in significant downmodulation of cyclins and cdks ( Figure 2B and C) . Our data also demonstrated a significant upregulation of the cki WAF1/p21 and KIP1/p27 by fisetin ( Figure 2D ).
The induction of apoptosis is a physiological process that functions as an essential mechanism of tissue homeostasis and is regarded as the preferred way to eliminate unwanted cells. This observation was verified by fluorescence microscopy and PARP cleavage ( Figure 3A and B) . Collectively, these results suggest that fisetin inhibits the growth of prostate carcinoma cells through cell cycle arrest and induction of apoptosis.
Members of the Bcl-2 family of proteins are critical regulators of the apoptotic pathway. Bcl-2 is an upstream effector molecule in the apoptotic pathway and is identified as a potent suppressor of apoptosis (25) . Bcl-2 has been shown to form a heterodimer with the proapoptotic member Bax and might thereby neutralize its proapoptotic effects. Therefore, alterations in the levels of Bax and Bcl-2, i.e. the ratio of Bax/Bcl-2, are a decisive factor and play an important role in determining whether cells will undergo apoptosis under experimental conditions that promote cell death. In our study, a decrease in Bcl-2 and an increase in Bax protein expression were observed in LNCaP cells ( Figure 4A) ; hence, the ratio of Bax to Bcl-2 was altered in favor of apoptosis ( Figure  4B ). Our results suggest that upregulation of Bax and downmodulation of Bcl-2 may be another molecular mechanism through which fisetin induces apoptosis. We also found upregulation in the protein expressions of proapoptotic Bak, Bad and Bid and downregulation of antiapoptotic Bcl-xL on treatment with fisetin in LNCaP cells ( Figure 4C) .
It was recently discovered that mitochondria contain and release proteins such as cytochrome c that are involved in the apoptotic cascade. Cell-free systems demonstrate that mitochondrial products are rate limiting for the activation of caspases and endonucleases in cell extracts (26) . Functional studies indicate that drug-induced opening or closing of the mitochondrial megachannel (permeability transition pore) can induce or prevent apoptosis (27) . These experiments indicate that cytochrome c is a key factor in apoptosis and that its release further activates caspases, resulting in the appearance of apoptosis. Our study confirms that cytosolic cytochrome c was increased in LNCaP cells after treatment with fisetin ( Figure 5A ). Suppression of apoptosis promotes tumor progression, immune evasion of neoplastic cells as well as resistance to chemotherapy and irradiation (28) . Several genes critical in the regulation of apoptosis have been identified, including XIAP-a member of the IAP family. XIAP is thought to act as a key determinant of apoptosis resistance by effectively inhibiting the activation of caspases-3, -7 and -9 (15). Thus, high expression of XIAP has been reported in many malignant tumor types, such as carcinomas of the breast, ovaries, lung, pancreas, cervix and prostate (29) .
Whereas antiapoptotic XIAP has been shown to be a potent caspase inhibitor (30) , its antagonists Smac/DIABLO and Omi/HtrA2 promote apoptosis by binding to XIAP, thereby preventing them from inhibition of caspases. Only recently, an inverse relation between XIAP expression and Smac/DIABLO has been observed after apoptosis induction in colon cancer cells, lymphoma cells and keratinocytes ) and were then treated with 40 lM fisetin for 48 h. Whole-cell lysate was prepared and 40 lg protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immunoblot analysis and chemiluminescence detection. Equal loading of protein was confirmed by stripping the immunoblot and reprobing it for b-actin. The immunoblots shown here are representative of three independent experiments with similar results.
Fisetin for prostate cancer (31) . In our study, we also found that fisetin treatment (10-60 lM, 48 h) of LNCaP cells caused inhibition of XIAP and induction of Smac/DIABLO ( Figure 5B) .
Caspases, comprised of 12 proteins, are a family of cysteinyl aspartate-specific proteases involved in apoptosis and are subdivided into initiator (caspases-8, -9 and -10) and executioner (caspases-3, -6 and -7) caspases. The intrinsic and extrinsic pathways converge at caspase-3. Active caspases and 8 of the intrinsic and extrinsic pathways, respectively, have been shown to directly cleave and activate the effector protease caspase-3 (14) . In the present study, we have shown that caspases-3, -8 and -9 are activated during fisetin-mediated apoptosis ( Figure 5C ). Our studies have further shown by immunoblot analysis ( Figure 6A ) and immunofluorescence staining ( Figure 6B ) that addition of Z-VAD-FMK, a general caspase inhibitor, significantly reduced fisetin-mediated apoptosis, providing evidence that fisetin-mediated apoptosis in LNCaP cells was caspase dependent.
The PI3K/Akt pathway is activated downstream of a variety of extracellular signals and activation of this signaling pathway impacts a number of cellular processes including cell growth, proliferation and survival. The alteration of components of this pathway, through either activation of oncogenes or inactivation of tumor suppressors, disrupts a signaling equilibrium and can thus lead to cellular transformation (32) . We found that treatment of LNCaP cells with fisetin caused decrease in the protein expression of PI3K (p85) and phosphorylation of Akt at both Thr 308 and Ser 473 ( Figure 6C ). The Akt family has been shown to be the primary downstream mediator of the effects of PI3K and regulates a variety of cellular processes through the phosphorylation of a wide spectrum of downstream substrates. Indeed, dysregulation of the PI3K/Akt signaling pathway can lead to an alteration of all the aspects of cell physiology that comprise the hallmarks of cancer. Cell survival is influenced by Akt through a variety of effector proteins including inhibition of the proapoptotic Bcl-2 family member Bad and inhibition of the forkhead transcription factors that normally activate apoptosis-related genes. In our study, we also found that silencing of Akt by siRNA caused increase in the protein expressions of Bad and Bax and decrease in Bcl-2 and Bcl-xL, which was firther augmented on treatment with fisetin, suggesting that these effects are mediated in part through Akt ( Figure 6D ).
In summary, the present study demonstrates that treatment of LNCaP cells with fisetin, a novel dietary flavonoid caused inhibition of PCa by G 1 -phase cell cycle arrest, modulating cki-cyclin-cdk network and induction of apoptosis. We suggest that fisetin could be a useful chemotherapeutic agent against PCa.
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